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EOS - fundamental property of matter, defining its thermodynamic,
mechanic,... as functional form f(x,y,z)=0 (V,T,P,...) or tables or graphs.
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Motivation

*» Fundamental
properties

“* R&D at high pressure

*» Geophysics, planets

*+ Numerical modeling:

ICF, hypervelocity
Impacts, ...




EOS information: summary

Theory: P(V,T) - Uranium
solid (T=0 K) band structure
liquid My
plasmas 10' ]
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Experiment: static
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i _ Typical IEX setup according to

M.Boivineau, J.Nucl.Mat. 297, 97
(2001)
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shock compression

Hugoniot relations:

Vo/V=D/(D-U)
P=P,+DU /V,
E=E,+1/2V,~V)(B,+ P)

Railgun




Experiment: shock waves
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Experiment: shock waves

U P, E, V,

Ug, P, Eg, Vg

adiabatic expansion
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T h I - d Li structures according to
. t M. Hanfland, K. Syassen, N.
eory. SOINA Sty s
D. L. Novikov, Nature 408,
174 (2000)
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Theory: liquid & plasmas
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Calculated shock adiabat
of porous Ni by Fortov et
al.
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EOS information: summary

Physical properties Limitations

Theory:
solid (T=0 K, final T), structure, different approaches
liquid, plasmas thermodynamics local applicability
Experiment:

DAC, T-DAC structure, P(V,T=const) thermal-strength, P<3 Mbar

LM p(T,P=1 bar) - * -, T<3500 K

IEX H, E, Cs, T,V (P=const) | ---* -—-, P<4 kbar, T<8000 K

H, — H, (Hugoniot) PV,E,Cs, T final density (physics)

s =const P,UT

(VA




EOS problems

Insufficient theoretical basis:

* best integral equation in plasmad&liquid
(hypernetted, BGY, PY,...)?

» critical point’s evaluations

* pair (triple) potential in plasma&liquid?
e quantum many-bodies problem

Lack of experimental data:
« H, for most metals E(P,V)
« p(T) at 1 bar

« s=const - P(U)- E(P,V)

« [IEX - H,E,Cs, T(P=const)
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Mie-Grunei EOS
PV, E)= o)+

Gruneisen gamma
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Multi-phase EOS |F(V,T)=F.(V)+ F,(V,T)+ F_(V,T)

Solid Liquid
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MULTI-PHASE EOS

nFeCoNiCuZ

Free energy potential
Thomas-Fermi
Debay model
anharmonicity
melting
liquid phase Cv - MC
ionization
metal-insulator

Solid, liquid, gas, plasma
phase boundaries - melting, evaporation
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Tempergture, 1000 K,

U P-T AT HIGH PRESSURE
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Pressure, GPa
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U EVAPORATION
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U AT LOWER DENSITIES
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IEX < 6-8%
Novel data?

Isochoric plasma closed vessel:

P. Renaudin, C. Blancard, J. Cle‘rouin, G.
Faussurier, P. Noiret, and V. Recoules,
“‘Aluminum Equation-of-State Data in the Warm
Dense Matter Regime”, Phys. Rev. Lett., 91

(2003) 125004-1 - 125004-4.
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Temperature, 1000 K
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Mg AT HIGH PRESSURE
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Bi AT HIGH PRESSURE
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MO AT HIGH PRESSURE
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Temperature, 1000 K
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Pressure, GPa

W EVAPORATION
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W AT LOWER DENSITY
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GENERAL REGULARITIES

Melting Evaporation
P — T-diagrams to 10 GPa T evaporation (p=1 bar) = experiment
(T, P): o(T, P=1 bar):
Na Na, Fe, Co, Ni, Zn, Ag, Cd, Sn, U
T-DAC: IEX:
U, Fe Be, V, Nb, Fe, Ta, W, Ni, Re, Pt, U
Cs in shocked: T for S=const:
Ta, Mo, Fe Ni, Pb (Sn)
shocked liquid:
Zn, Cd, Sn, Bi Mg, Mo, W, Zn, Cd, Sn, Bi, U
T shock: — entrance into liquid-gas region:
Fe Mo, U
porous Hugoniots: CP: soft spheres — EOS - Fortov
Mg, Cr, Co, Fe, Ni, Mo,
Ta, W, Zn, U
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shock adiabat |:>3
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P Li 36.9 125 808
Be 374 1720 9260
Na 17.3 57.2 413
Mg 67.9 205 964
Al 211 546 2360
K 8.9 28.9 86.9
V 322 1070 4270
Cr 347 1140 5580
Fe 354 1500 5550
Co 486 2120 7140
Ni 489 1880 5880
Cu 317 966 3230
Zn 111 397 1850
Zr 188 744 1800
Nb 408 2140 4000
Mo 476 1510 5250
Ag 246 902 2750
Cd 76 329 1280
Sn 138 512 1280
Hf 255 990 2110
Ta 452 1690 3780
w 627 2150 10280
Re 658 2030 4680
Ir 597 1950 4440
Pt 546 1680 4240
Au 316 815 2520
Pb 87.3 262 569
Bi 47.7 189 610




Liquid metals: general reqularities
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Liquid metals: general reqularities
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Expert calcualtions: Fe strikes Zn
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Expert calcualtions: resistivity of Li
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Shock-wave stability

Shock wave — unique tool in physics of high pressures,
producing homogeneous distribution of P, E, V, T in short time

Hugoniot relations:
V,/V=D/(D-U)

P=P, + DU/V,

E=E, + 1/2(P, + P)(V, - V)

shock compression

39



Criteria of shock wave stability

* linearized gas dynamic equations: D'yakov 1954, Kontorovich 1957
» general theory of decay and branching of arbitrary discontinuity: Kuznetsov 1985

Absolute instability: |
0V /oP), < \; \'g’

=~ 0

0V /oP), > \F/;)_f\; (1+207'(D/Cs))

0

Sound («D’yakov») instability:

\/O—VX1—0‘2(D/C$)2—(7‘1(D/C§)2 < Vv ; V.-V 1+20_1£
PP Lo (Dic) 0 (DC ) (aP)H P-P, [
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Shock wave in media with
0>(d?P/dV?)s<0




Methodology

Multi-phase EOS
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Shock wave stability in Mg at P,=1 bar
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Shock wave stability in Mg at different P,
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Instabilities in Mg at different P, & V,

Pressure, GPa
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Conclusions

» EOS for 30 metals
+ Agreement with experiment & theory
** Phase boundaries of melting & evaporation

*» EOS applications for high-energy-density
physics

** Successful implementation in 2D,3D codes
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